Introduction
============

Breast cancer, a complex and heterogeneous malignancy, is the most frequently diagnosed cancer and the leading cause of cancer mortality among females worldwide; there were estimated to be 1.7 million cases and 521,900 deaths in 2012 ([@b1-ol-0-0-7256]). The incidence rates of breast cancer in economically developed regions, including North America, Australia, New Zealand, and Northern and Western Europe, are higher than those in Africa and Asia ([@b1-ol-0-0-7256]).

Breast cancer is classified into 4 subtypes: Luminal A, luminal B, human epidermal growth factor receptor 2 (HER2) -positive and basal-like, according to clinically and biologically relevant molecular features that were previously identified by DNA microarray-based expression profiling ([@b2-ol-0-0-7256]--[@b4-ol-0-0-7256]). These subtypes are associated with distinct pathological features, treatment responses and clinical outcomes ([@b5-ol-0-0-7256]). Basal-like breast cancer is predominantly triple-negative (i.e. no expression of estrogen receptor (ER), progesterone receptor (PR) or HER2). In HER2-positive breast cancer, the HER2 gene is overexpressed. The basal-like and HER2-positive subtypes are associated with a poor prognosis, and the luminal A subtype was identified as having the more favorable clinical outcome ([@b4-ol-0-0-7256]).

The clinical and biological behavior of the luminal B subtype is more aggressive than the luminal A subtype, with a higher metastatic risk and greater resistance to hormone therapy and conventional chemotherapy; patients with luminal B cancer exhibit increased relapse rates in the first 5 years following diagnosis ([@b6-ol-0-0-7256]). Luminal B-subtype cancer cases have a higher recurrence score than luminal A, based on OncotypeDX detection: In a cohort of 831 untreated lymph node metastasis-negative patients, the hazard ratio (HR) for early metastasis (\<5 years) was 2.86 for luminal B relative to luminal A ([@b6-ol-0-0-7256],[@b7-ol-0-0-7256]).

As a subtype of Luminal B breast cancer, luminal B2 breast cancer (LB2BC) is usually associated with poor prognosis, and the pathophysiological mechanism underlying luminal B2 breast cancer remains unknown. In the present study, bioinformatics methods were used to identify differentially expressed genes (DEGs) between LB2BC and non-tumor tissues, with the aim of providing valuable information for further pathogenesis mechanism elucidation of LB2BC.

Subjects and methods
====================

### TGCA data

All 1,098 patients (as included in the database on the 27th of October, 2015) with breast cancer were retrieved from The Cancer Genome Atlas (TGCA) data portal ([@b8-ol-0-0-7256]). A total of 117 LB2BC expression profiles from this dataset were included in the present study, according to the inclusion and exclusion criteria below. Level 3 raw expression data of mRNA from the Illumina HiSeq_miRNAseq V2 platform for the 117 LB2BC profiles and 18 normal controls were downloaded from TCGA data portal.

### Exclusion criteria

The exclusion criteria for patients with LB2BC were as follows: i) History of any other malignancy; ii) history of previous treatment, including chemotherapy, radiotherapy or endocrinotherapy; iii) samples without mRNA sequence data.

### Inclusion criteria

The inclusion criteria were as follows: i) HER2 status, as assessed by immunohistochemistry (IHC), was positive; ii) ER expression, PR expression, or both, were positive.

### Screening of differentially expressed genes

In R (version 3.2.3), the DESeq (version 1.28.0) package was used for reads count analysis ([@b9-ol-0-0-7256]). The limma package (version 1.9.6) ([@b10-ol-0-0-7256]) was used to screen for DEGs by comparing LB2BC expression profiles to control profiles. The raw P-value was adjusted to a false discovery rate (FDR) value using the Benjamin and Hochberg method. Genes within the cut-off criteria of FDR\<0.001 were designated as DEGs.

### Functional annotation of DEGs

To identify the biological function and associated metabolic pathways for the DEGs, they were submitted to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database for pathway enrichment analysis and GOrilla online software ([@b11-ol-0-0-7256]) for gene ontology (GO) term enrichment analysis ([@b12-ol-0-0-7256],[@b13-ol-0-0-7256]). P\<0.001 and FDR\<0.05 were set as the cut-offs for selecting significantly enriched functional GO terms and KEGG pathway, respectively.

### Construction of protein-protein interaction (PPI) network

A PPI network can organize genes into a network to aid the understanding of their biological function ([@b13-ol-0-0-7256]). The BioGRID database ([@b14-ol-0-0-7256]) includes verified and predicted protein interactions. In the present study, DEGs were mapped into the BioGRID database to screen for interacting protein pairs ([@b15-ol-0-0-7256]). A PPI network of the top 15 upregulated and downregulated DEGs was constructed and visualized using Cytoscape software (version 3.3.0) ([@b16-ol-0-0-7256]).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

A total of five tumor tissues and five paired adjacent normal tissues were obtained from five female patients with breast cancer undergoing routine surgical procedures in Linyi People\'s Hospital (Linyo, China) during February to August 2015, with a mean age of 45.5 years. The tissues were frozen immediately after surgery in liquid nitrogen and were stored at −80°C until RNA extraction. The present study was approved by the Ethics Committee of Linyi People\'s Hospital. Written informed consent was obtained from all patients prior to enrollment in the present study. Total RNA from tissue samples was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer\'s protocol. The SuperScript III Reverse Transcription kit (Invitrogen; Thermo Fisher Scientific, Inc.) was used for cDNA synthesis according to the manufacturer\'s protocol. qPCR was used to quantify differences in the mRNA expression of associated genes using SYBRGreen PCR reagent (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. PCR reactions were performed in triplicate and run under the following conditions: 1 cycle of 95°C for 10 min, followed by 45 cycles of 95°C for 15 sec and 60°C for 60 sec. The relative expression level was calculated using the 2^−ΔΔCq^ method ([@b17-ol-0-0-7256]), normalized to β-actin. Each reaction was performed ≥3 times.

The primer sequences were as follows: Neurotrophic receptor tyrosine kinase 2 (NTRK2) forward, 5′-ATCTCCAACCTCAGACCACCACT-3′ and reverse, 5′-AATCTGTTTCTCATCCTTCCCATAC-3′; fibronectin-1 (FN1) forward, 5′-CAACCTACGGATGACTCGTGCTT-3′ and reverse, 5′-TTTCTCCCTGACGGTCCCACTT-3′; Polo-like kinase 1 (PLK1) forward, 5′-GGCAGCGTGCAGATCAACTT-3′ and reverse, 5′-CAGGAGACTCAGGCGGTATGT-3′; epidermal growth factor receptor (EGFR) forward, 5′-GTGACCGTTTGGGAGTTGATGA-3′ and reverse, 5′-GGCTGAGGGAGGCGTTCTC-3′); and β-actin forward, 5′-CTGAAGTACCCCATCGAGCAC-3′ and reverse, 5′-ATAGCACAGCCTGGATAGCAAC-3′.

### Statistical analysis

RT-qPCR experimental data were expressed as the mean ± standard deviation. GraphPad Prism (version 6.0) software (GraphPad Software, Inc., La Jolla, CA, USA) was used to perform statistical analysis. Statistically significant differences between two groups were evaluated using an unpaired Student\'s t-test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### DEGs in LB2BC

A total of 2,251 significantly DEGs were identified in LB2BC tissues compared with non-tumor controls. The DEGs included 759 upregulated and 1,492 downregulated genes. Matrix metalloproteinase-11 was the most significantly upregulated gene; NTRK2 was the most significantly downregulated gene. The top 15 significantly upregulated and downregulated genes are listed in [Table I](#tI-ol-0-0-7256){ref-type="table"}. The pattern of expression change for the top 200 DEGs is presented in [Fig. 1](#f1-ol-0-0-7256){ref-type="fig"}.

### GO annotation of DEGs

To obtain insights into their potential biological roles, GO term enrichment analysis was performed on the DEGs from LB2BC. 'Mitotic cell cycle process' (GO, 1903047; P=1.22×10^−8^), 'cell cycle G2/M phase transition' (GO, 0044839; P=7.43×10^−7^) and 'G2/M transition of mitotic cell cycle' (GO, 0000086; P=7.43×10^−7^) were the most significantly enriched biological process GO terms; 'vinculin binding' (GO, 0017166; P=5.02×10^−6^), 'structural constituent of muscle' (GO, 0008307; P=1.53×10^−5^) and 'potassium channel regulator activity' (GO, 0015459; P=2.77×10^−5^) were the most significantly enriched molecular function GO terms; 'condensed chromosome outer kinetochore' (GO, 0000940; P=2.34×10^−5^), 'extracellular matrix' (GO, 0031012; P=4.08×10^−5^) and 'microtubule spindle' (GO, 0005876; P=8.77×10^−5^) were the most significantly enriched cellular component GO terms ([Table II](#tII-ol-0-0-7256){ref-type="table"}).

### Pathway enrichment analysis

KEGG pathway enrichment analysis was performed on the DEGs from LB2BC. FDR\<0.05 was used as the cut-off for pathway significance. The most significantly enriched pathways were 'focal adhesion' (FDR=1.02×10^−20^), 'pathways in cancer' (FDR=1.50×10^−20^), 'ECM-receptor interactions' (FDR=1.15×10^−14^) and 'cytokine-cytokine receptor interaction' (FDR=1.50×10^−11^; [Table III](#tIII-ol-0-0-7256){ref-type="table"}).

### Protein-protein interaction (PPI) network construction

PPI networks for the top 15 upregulated and downregulated DEGs were constructed using Cytoscape software. The network consisted of 1,681 nodes and 1,898 edges. The hub proteins were EGFR, FN1 and PLK1 ([Fig. 2](#f2-ol-0-0-7256){ref-type="fig"}).

### RT-qPCR verification of DEGs

The expression level of four of the identified DEGs (NTRK2, FN1, PLK1 and EGFR) were validated with RT-qPCR in five LB2BC tumor and adjacent tissue samples. The expression of NTRK2 did not differ significantly between LB2BC tumor and adjacent tissues, but trended towards downregulation in LB2BC ([Fig. 3A](#f3-ol-0-0-7256){ref-type="fig"}). The expression of FN1 was significantly upregulated in LB2BC (P\<0.05; [Fig. 3B](#f3-ol-0-0-7256){ref-type="fig"}). PLK1 expression did not differ significantly between LB2BC and adjacent tumor tissues ([Fig. 3C](#f3-ol-0-0-7256){ref-type="fig"}). The expression of EGFR was significantly downregulated in LB2BC compared with adjacent tissue (P\<0.001 [Fig. 3D](#f3-ol-0-0-7256){ref-type="fig"}).

Discussion
==========

NTRK2 was the most significantly downregulated DEG identified in LB2BC ([Table I](#tI-ol-0-0-7256){ref-type="table"}) and was associated with the KEGG term 'MAPK signaling pathway' ([Table III](#tIII-ol-0-0-7256){ref-type="table"}). The expression of NTRK2 did not significantly differ between LB2BC and non-cancerous tissue, although it trended towards downregulation in LB2BC ([Fig. 3A](#f3-ol-0-0-7256){ref-type="fig"}). NTRK2 is a member of the neurotrophic tyrosine receptor kinase family. The expression of NTRK2 was previously identified through microarray analysis to be downregulated in patients with breast cancer with a relatively poor prognosis ([@b18-ol-0-0-7256]). NTRK2 expression leads to anoikis resistance in several types of cancer, including ovarian cancer ([@b19-ol-0-0-7256],[@b20-ol-0-0-7256]). NTRK2 is a direct target of microRNA (miR)-200c; miR-200c decreases the endogenous expression of NTRK2 and mediated the suppression of anoikis resistance in breast cancer cells ([@b21-ol-0-0-7256]).

In the present study, FN1 was identified as a top-10 upregulated DEG in LB2BC ([Table I](#tI-ol-0-0-7256){ref-type="table"}). RT-qPCR analysis identified that FN1 was significantly upregulated in LB2BC ([Fig. 3B](#f3-ol-0-0-7256){ref-type="fig"}), in accord with the DEG analysis. FN1 was one of the hub proteins in the PPI network ([Fig. 2](#f2-ol-0-0-7256){ref-type="fig"}). FN1 is a glycoprotein present in a soluble dimeric form in plasma, and in a dimeric or multimeric form at the cell surface and the extracellular matrix ([@b22-ol-0-0-7256]). FN1 is associated with cell adhesion, cell migration, wound healing and cell metastasis ([@b23-ol-0-0-7256]). FN1 is upregulated in breast cancer; FN1 was also identified as hub protein in a previously constructed PPI network ([@b24-ol-0-0-7256]). Previous gene regulatory network analysis of breast cancer demonstrated that FN1 was upregulated in aggressive breast cancer cell lines and was associated with the aggressive behavior of breast cancer cells ([@b25-ol-0-0-7256]). The expression of FN1 is a positive predictor for breast cancer cell line sensitivity to paclitaxel ([@b26-ol-0-0-7256]). The elevated expression of FN1 promotes vascular endothelial growth factor-C expression and the epithelial-mesenchymal transition, promoting lymph node metastasis in human oral squamous cell carcinoma ([@b27-ol-0-0-7256]). FN1 was associated with 5 significantly enriched KEGG pathways, including 'focal adhesion', 'pathways in cancer', 'ECM-receptor interaction', 'regulation of actin cytoskeleton' and 'small cell lung cancer' ([Table III](#tIII-ol-0-0-7256){ref-type="table"}).

PLK1 was significantly upregulated in LB2BC ([Table I](#tI-ol-0-0-7256){ref-type="table"}). PLK1 is a key regulator of cell division and is overexpressed in numerous types of human cancer, including prostate, pancreatic and breast cancer ([@b28-ol-0-0-7256]). PLK1 is significantly enriched in the 'cell cycle' and 'progesterone-mediated oocyte maturation' pathways ([Table III](#tIII-ol-0-0-7256){ref-type="table"}). PLK1 was identified as downregulated in LB2BC as assessed by RT-qPCR, whereas the opposite result was obtained in DEG analysis ([Fig. 3C](#f3-ol-0-0-7256){ref-type="fig"}); this may be due to the small experimental sample size (n=5) used in the present study. PLK1 was a hub protein, interacting with 153 genes in the PPI network ([Fig. 2](#f2-ol-0-0-7256){ref-type="fig"}). PLK1 encodes a serine/threonine protein kinase that belongs to the cell cycle serine/threonine-protein kinase CDC5/Polo subfamily. PLK1 is significantly overexpressed in triple-negative breast cancer (TNBC), compared with other breast cancer subtypes; the inhibition of PLK1 activity induces an increase in G2/M cell cycle arrest and TNBC cell apoptosis ([@b29-ol-0-0-7256]). PLK1 is overexpressed in breast cancer cell lines compared with normal breast cell lines; silencing PLK1 enhances the sensitivity of breast cancer cell lines to rapamycin ([@b30-ol-0-0-7256]).

EGFR expression was significantly downregulated in LB2BC, as observed via DEG analysis and validated using RT-qPCR ([Table I](#tI-ol-0-0-7256){ref-type="table"}; [Fig. 3D](#f3-ol-0-0-7256){ref-type="fig"}). EGFR was the hub protein with the highest connectivity degree, connecting to 781 genes in the PPI network. EGFR was significantly enriched in several pathways, including pathways in cancer and the MAPK signaling pathway ([Table III](#tIII-ol-0-0-7256){ref-type="table"}). EGFR was previously identified as upregulated in various types of cancer, including lung cancer, gastric cancer and glioblastoma ([@b31-ol-0-0-7256]--[@b33-ol-0-0-7256]). EGFR is frequently overexpressed in TNBC; high EGFR gene copy number predicts a poor patient outcome ([@b34-ol-0-0-7256]). EGFR expression was downregulated in LB2BC in the present study, indicating that the pathogenesis of LB2BC is distinct from TNBC.

In conclusion, 2,251 DEGs were identified between LB2BC and non-tumor tissue. The top 15 upregulated and downregulated genes in LB2BC were used to construct a PPI network. A number of genes, including NTRK2, FN1, PLK1 and EGFR, were identified that potentially serve critical roles in the pathogenesis of LB2BC via the 'focal adhesion', 'pathways in cancer' and 'ECM-receptor interaction signaling' KEGG pathways. The findings of the present study may contribute to the further elucidation of the pathogenesis of LB2BC.

![Heat map visualization of the patterns of expression change for the top 200 most significantly differentially expressed genes between luminal B2 breast cancer and normal controls. Red and green squares represent upregulated and downregulated genes, respectively.](ol-14-06-7880-g00){#f1-ol-0-0-7256}

![Protein-protein interaction network for the top 15 upregulated and downregulated DEGs. Red and green nodes denote upregulated and downregulated DEGs, respectively. Blue nodes denote products of genes predicted to interact with the DEGs. DEG, differentially expressed gene.](ol-14-06-7880-g01){#f2-ol-0-0-7256}

![Reverse transcription-quantitative polymerase chain reaction validation of DEGs between LB2BC tumor and adjacent tissue samples. Relative expression of (A) NTRK2, (B) FN1, (C) PLK1, (D) EGFR. \*P\<0.05; \*\*\*P\<0.001 vs. Con. LB2BC, luminal B2 breast cancer; NTRK2, neurotrophic receptor tyrosine kinase 2; FN1, fibronectin-1; PLK1, Polo-like kinase 1; EGFR, epidermal growth factor receptor; CON, adjacent healthy control tissue.](ol-14-06-7880-g02){#f3-ol-0-0-7256}

###### 

Differentially expressed genes in luminal B2 breast cancer.

  A, Top 15 upregulated genes                                      
  ----------------------------------- ------------- -------------- --------------
  MMP11                               4320          1.23×10^−32^   7.06×10^−30^
  COL10A1                             1300          1.14×10^−31^   6.02×10^−29^
  NEK2                                4751          2.03×10^−22^   4.39×10^−20^
  COL11A1                             1301          1.07×10^−21^   2.02×10^−19^
  PPAPDC1A                            196051        1.04×10^−20^   1.79×10^−18^
  INHBA                               3624          7.51×10^−20^   1.17×10−^17^
  KIF4A                               24137         1.70×10^−19^   2.54×10^−17^
  UBE2C                               11065         3.61×10^−19^   5.29×10^−17^
  WISP1                               8840          7.36×10^−19^   1.04×10^−16^
  FN1                                 2335          7.50×10^−19^   1.05×10^−16^
  IBSP                                3381          2.99×10^−18^   3.92×10^−16^
  PLK1                                5347          4.13×10^−18^   5.25×10^−16^
  TPX2                                22974         5.67×10^−18^   6.98×10^−16^
  IQGAP3                              128239        1.12×10^−17^   1.31×10−^15^
  HSD17B6                             8630          1.65×10^−17^   1.87×10^−15^
                                                                   
  **B, Top 15 downregulated genes**                                
                                                                   
  **Gene symbol**                     **Gene ID**   **P-value**    **FDR**
                                                                   
  DMD                                 1756          8.19×10^−72^   8.22×10^−68^
  SYNM                                23336         2.04×10^−68^   1.37×10^−64^
  FMO2                                2327          3.72×10^−63^   1.87×10^−59^
  SFRP1                               6422          4.64×10^−57^   1.86×10^−53^
  MYH11                               4629          1.16×10^−56^   3.87×10^−53^
  COL17A1                             1308          3.89×10^−54^   1.11×10^−50^
  FAT2                                2196          2.20×10^−53^   5.52×10^−50^
  EGFR                                1956          3.05×10^−52^   6.81×10^−49^
  CX3CL1                              6376          2.70×10^−50^   5.42×10^−47^
  SAMD5                               389432        3.28×10^−47^   5.98×10^−44^
  NDRG2                               57447         7.56×10^−47^   1.26×10^−43^
  GRIA4                               2893          1.85×10^−46^   2.85×10^−43^
  EPHB1                               2047          6.87×10^−45^   9.85×10^−42^
  MAMDC2                              256691        2.88×10^−44^   3.86×10^−41^

FDR, false discovery rate.

###### 

Top enriched GO terms of differentially expressed genes in luminal B2 breast cancer.

  A, Biological process                                                                                      
  --------------------------- --------------------------------------------------------------- -------------- -------------
  GO:1903047                  Mitotic cell cycle process                                      75             1.22×10^−8^
  GO:0044839                  Cell cycle G2/M phase transition                                17             7.43×10^−7^
  GO:0000086                  G2/M transition of mitotic cell cycle                           17             7.43×10^−7^
  GO:0051302                  Regulation of cell division                                     51             8.20×10^−7^
  GO:0022610                  Biological adhesion                                             119            3.30×10^−6^
  GO:0032501                  Multicellular organismal process                                290            3.67×10^−6^
  GO:0044707                  Single-multicellular organism process                           288            3.91×10^−6^
  GO:0007155                  Cell adhesion                                                   118            4.79×10^−6^
  GO:0022402                  Cell cycle process                                              88             7.13×10^−6^
  GO:0007346                  Regulation of mitotic cell cycle                                44             1.12×10^−5^
  GO:0032502                  Developmental process                                           393            1.25×10^−5^
  GO:0030198                  Extracellular matrix organization                               67             1.64×10^−5^
  GO:0043062                  Extracellular structure organization                            67             1.64×10^−5^
  GO:0044699                  Single-organism process                                         731            2.09×10^−5^
  GO:0044767                  Single-organism developmental process                           339            2.57×10^−5^
                                                                                                             
  **B, Molecular function**                                                                                  
                                                                                                             
  **GO ID**                   **GO term**                                                     **Genes, n**   **P-value**
                                                                                                             
  GO:0017166                  Vinculin binding                                                  2            5.02×10^−6^
  GO:0008307                  Structural constituent of muscle                                  3            1.53×10^−5^
  GO:0015459                  Potassium channel regulator activity                            13             2.77×10^−5^
  GO:0005102                  Receptor binding                                                52             5.78×10^−5^
  GO:0005539                  Glycosaminoglycan binding                                       41             2.09×10^−4^
  GO:0005030                  Neurotrophin receptor activity                                    1            4.69×10^−4^
  GO:0060175                  Brain-derived neurotrophic factor-activated receptor activity     1            4.69×10^−4^
  GO:0008017                  Microtubule binding                                             28             5.28×10^−4^
  GO:0043394                  Proteoglycan binding                                              7            7.72×10^−4^
  GO:0035173                  Histone kinase activity                                           5            8.73×10^−4^
                                                                                                             
  **C, Cellular component**                                                                                  
                                                                                                             
  **GO ID**                   **GO term**                                                     **Genes, n**   **P-value**
                                                                                                             
  GO:0000940                  Condensed chromosome outer kinetochore                            9            2.34×10^−5^
  GO:0031012                  Extracellular matrix                                            64             4.08×10^−5^
  GO:0005876                  Spindle microtubule                                             14             8.77×10^−5^
  GO:0005819                  Spindle                                                         25             2.64×10^−4^
  GO:0030056                  Hemidesmosome                                                     2            4.12×10^−4^
  GO:0016328                  Lateral plasma membrane                                           6            4.77×10^−4^
  GO:0043034                  Costamere                                                         2            5.70×10^−4^
  GO:0044449                  Contractile fiber part                                            7            6.02×10^−4^
  GO:0044421                  Extracellular region part                                       22             6.18×10^−4^
  GO:0005578                  Proteinaceous extracellular matrix                              47             7.15×10^−4^
  GO:0000922                  Spindle pole                                                    19             7.55×10^−4^
  GO:0016013                  Syntrophin complex                                                1            9.39×10^−4^

GO, gene ontology.

###### 

Top-15 enriched KEGG terms of differentially expressed genes in luminal B2 breast cancer.

  KEGG ID    KEGG term                                  Count   FDR             Genes
  ---------- ------------------------------------------ ------- --------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  hsa04510   Focal adhesion                             57      1.02×10^−20^    FLT4, CAV2, MET, COMP, LAMA3, RELN, ITGA6, TLN2, ERBB2, MYLK, IGF1, LAMA2, IBSP, ROCK2, PDGFD, CCND2, PIK3R2, COL6A6, PDGFRA, KDR, FLNC, PDGFA, AKT3, PAK4, MAPK10, PRKCA, TNXB, LAMC1, VWF, COL5A2, CAV1, ARHGAP5, LAMB3, FIGF, LAMA4, EGFR, COL3A1, COL1A2, COL1A1, PIK3R1, LAMA1, JUN, ITGA9, THBS2, LAMC3, PPP1CA, LAMC2, PAK3, COL5A1, PAK7, ITGB8, MYL9, COL11A1, ITGA11, FN1, VAV3, ITGA7
  hsa05200   Pathways in cancer                         74      1.50×10^−20^    CDK6, CCNE2, PTCH1, FGF9, TCF7L1, MET, LEF1, STAT1, LAMA3, FOS, RARB, FGF1, WNT7B, FGF2, ITGA6, KIT, BIRC5, TGFA, FOXO1, EPAS1, ERBB2, IGF1, RUNX1T1, FZD7, LAMA2, BMP2, PLCG2, CCNE1, TGFBR2, FGFR3, PIK3R2, E2F1, RAD51, TPM3, E2F2, WNT2, PDGFRA, PDGFA, AKT3, TCF7, FZD5, MAPK10, TCEB1, PRKCA, FADD, LAMC1, LAMB3, FGFR1, PTCH2, FIGF, MECOM, LAMA4, EGFR, PIK3R1, FZD4, LAMA1, MYC, JUN, LAMC3, LAMC2, TCF7L2, FGF7, ZBTB16, RET, CEBPA, PLD1, PPARG, DAPK2, STAT5B, TCEB2, STAT5A, FN1, PTGS2, MMP1
  hsa04512   ECM-receptor interaction                   31      1.15×10^−14^    SDC1, COMP, LAMA3, RELN, ITGA6, LAMA2, IBSP, HMMR, COL6A6, SV2B, TNXB, LAMC1, VWF, COL5A2, LAMB3, LAMA4, COL3A1, COL1A2, COL1A1, LAMA1, ITGA9, THBS2, LAMC3, LAMC2, COL5A1, CD36, ITGB8, COL11A1, ITGA11, FN1, ITGA7
  hsa04060   Cytokine-cytokine receptor interaction     51      1.50×1^0--11^   INHBB, FLT4, MET, TNFRSF10D, KIT, CXCL9, LEPR, BMP2, CXCL2, CNTFR, TGFBR2, CXCL10, IL28RA, CXCR7, TNFRSF21, CXCL3, CX3CR1, CCR8, LIFR, EDA, IL22RA2, CXCR2, PDGFRA, KDR, IL6R, PDGFA, IL21R, EDAR, EDA2R, CSF1, CX3CL1, FIGF, EGFR, CCL13, RELT, IFNGR1, LEP, CSF3, INHBA, NGFR, GHR, CXCL11, IL11RA, CXCL12, CCL21, TNFRSF18, CCL14, TNFSF4, TPO, CCL28, TSLP
  hsa04360   Axon guidance                              32      4.70×10^−10^    SLIT3, GNAI1, MET, ROBO3, EFNA4, SEMA5A, DPYSL2, EPHB6, SEMA7A, SEMA6D, ROCK2, CFL2, EFNB3, SEMA3G, ABLIM3, EPHB1, EFNB1, SLIT2, PAK4, ABLIM1, UNC5B, SEMA3D, NFATC2, SEMA3F, NFAT5, PAK3, CFL1, PAK7, SEMA3A, EPHA2, CXCL12, RND1
  hsa04110   Cell cycle                                 30      3.32×10^−9^     CDK6, CCNE2, ESPL1, MCM4, CCNB2, CDC20, CCNA2, PTTG1, CCNE1, CCND2, E2F1, CDC25C, E2F2, CCNB1, MAD2L1, CDKN2C, MYC, PLK1, BUB1B, ANAPC11, CDC45, CDC25A, PKMYT1, TTK, BUB1, CDC14B, CDKN1C, PCNA, MCM2, CDK1
  hsa04810   Regulation of actin cytoskeleton           39      2.69×10^−8^     MRAS, DIAPH3, ARHGEF6, FGF9, FGF1, FGF2, ITGA6, ARPC1B, MYLK, EZR, ROCK2, IQGAP3, PDGFD, CFL2, FGFR3, PIK3R2, PDGFRA, PDGFA, PAK4, GSN, DIAPH2, FGFR1, EGFR, PIK3R1, ITGA9, RRAS2, PPP1CA, WASF2, FGF7, PAK3, CFL1, ARHGEF4, PAK7, ITGB8, MYL9, ITGA11, FN1, VAV3, ITGA7
  hsa04080   Neuroactive ligand- receptor interaction   45      4.29×10^−8^     GRIA3, DRD2, AVPR1A, ADRB2, S1PR1, GABRE, HTR2A, CNR1, EDNRB, LEPR, HTR1D, GLP2R, PTGFR, NMUR1, SSTR1, VIPR1, ADRA2A, GABRD, ADCYAP1R1, CTSG, LHCGR, OXTR, GRIN2D, PTGER4, GABRP, NR3C1, PTGER3, FPR3, P2RX6, LEP, GRIN2A, GRIA4, GHR, NPY2R, AVPR2, THRB, CRHR1, GRM4, GRIK1, PTH1R, P2RY13, TACR1, ADRA1A, LPAR6, P2RY14
  hsa05215   Prostate cancer                            23      7.92×10^−8^     CCNE2, TCF7L1, LEF1, TGFA, FOXO1, ERBB2, CREB3L1, IGF1, CCNE1, PDGFD, PIK3R2, E2F1, E2F2, PDGFRA, PDGFA, CREB3L4, AKT3, TCF7, CREB5, FGFR1, EGFR, PIK3R1, TCF7L2
  hsa04914   Progesterone-mediated oocyte maturation    22      2.40×10^−7^     GNAI1, CCNB2, CCNA2, IGF1, CPEB1, PIK3R2, CDC25C, CCNB1, MAD2L1, AKT3, MAPK10, ADCY4, PDE3B, RPS6KA2, PIK3R1, PLK1, ANAPC11, CDC25A, PKMYT1, BUB1, RPS6KA3, CDK1
  hsa03320   PPAR signaling pathway                     19      6.97×10 ^−7^    ACSL1, AQP7, ACADL, SLC27A4, FABP4, PPARA, PLTP, ADIPOQ, SLC27A6, ACSL5, ANGPTL4, PLIN1, ACSL4, CD36, SORBS1, LPL, PPARG, MMP1, OLR1
  hsa05222   Small cell lung cancer                     21      7.22×10^−7^     CDK6, CCNE2, LAMA3, RARB, ITGA6, LAMA2, CCNE1, PIK3R2, E2F1, E2F2, AKT3, LAMC1, LAMB3, LAMA4, PIK3R1, LAMA1, MYC, LAMC3, LAMC2, FN1, PTGS2
  hsa04610   Complement and coagulation cascades        18      1.04×10^−6^     F10, PLAUR, F3, C3, PROS1, SERPING1, CFI, C6, F12, MASP2, VWF, C4BPA, MASP1, C7, TFPI, PROC, PLAU, F7
  hsa04114   Oocyte meiosis                             24      1.06×10^−6^     CCNE2, ESPL1, CCNB2, CDC20, PTTG1, IGF1, CPEB1, SGOL1, CCNE1, CDC25C, CCNB1, MAD2L1, PPP2R1B, ADCY4, ITPR2, RPS6KA2, PLK1, PPP1CA, ANAPC11, PKMYT1, BUB1, RPS6KA3, AURKA, CDK1
  hsa04010   MAPK signaling pathway                     40      2.61×10^−6^     NTRK2, MRAS, CACNA2D1, FGF9, MEF2C, FOS, FGF1, FGF2, MAPK8IP2, CACNG1, DUSP1, TGFBR2, FGFR3, CACNG4, PDGFRA, FLNC, RAPGEF2, PDGFA, AKT3, DUSP6, MAPK10, PRKCA, FGFR1, MAP3K5, RPS6KA2, MECOM, EGFR, MYC, JUN, PLA2G4A, NR4A1, RRAS2, NFATC2, FGF7, HSPB1, RPS6KA3, STMN1, CACNB3, NTF4, MAP3K8

KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false discovery rate.
